We identified and partially characterized a surface antigen of Entamoeba histolytica by using seven monoclonal antibodies obtained after injecting mice with a pathogenic strain of amoeba. An intrinsically radiolabeled 96,OOO-dalton antigen was immunoprecipitated by five of the seven monoclonal antibodies; this antigen was present in three strains of E. histolytica. The antigen was situated on the external surface of E. histolytica, as demonstrated by agglutination and immunofluorescence staining of live amoeba and by immunoprecipitation of iodinated trophozoite antigen. All seven monoclonal antibodies were specific for E. histolytica and failed to react in an ELISA with Trichomonas vaginalis, Tritrichomonas foetus, Giardia lamblia, Acanthamoeba castellonii, and Entamoeba invadens. Two monoclonal antibodies were used to purify the antigen: the purified antigen was identical when antibody binding to live organisms or antibody reactive with nonviable organisms was used for purification.
An estimated 480 million people are infected yearly with Entamoeba histoiytica, and these infections result in 36 million cases of invasive disease and 75,000 deaths [1, 2] . Until recently, the factors that directly or indirectly influence the pathogenesis of this important disease have been poorly understood, but advances in axenic culture technology have been followed by the accumulation of significant new information in this area. Proteolytic enzymes on the surface of the parasite have been implicated in virulence, as has a soluble excreted toxin [3, 4] . A surface lectin [5] responsible for adherence of the parasite to host cells has been identified and partially characterized, and direct-contact cytotoxicity has been demonstrated in vitro and in vivo [6, 7] . The virulence of E. histolytica has been enhanced by in vivo passage [8] [9] [10] and by in vitro co-cultivation with bacteria [11, 12] .
Although advances in understanding host-amoeba interactions have been achieved, little is understood with respect to specific amoebal surface antigens or the nature of the surface of the parasite. In vivo, the trophozoites possess a 30-nm-thick glycocalyx coat, which is diminished to a thickness of 5 nm in axenically cultured parasites [13] .The role of this glycocalyx in stimulating the immune response or protecting the parasite is unclear. As many as 18 proteins have been identified in purified E. histolytica membranes [14] , and several have been identified by using polyclonal rabbit antisera to E. histolytica in experiments with antibody-induced capping [15] . The presence of structures on the surface of the parasite that contain a high concentration of mannose residues has been demonstrated by agglutination with concanavalin A [16] , with differential lectin binding reported to be indicative of virulence potential [17] .
In spite of recent achievements in understanding the repertoire of virulence factors possessed by E. histolytica, the components of the parasite's surface membrane, which are likely to be integral in protecting the host from recurrent invasive disease, need to be analyzed in detail. The fact that animals immunized with trophozoite extracts have been protected from invasive disease in several models [18, 19] suggests the potential importance of surface antigens as vaccine candidates. To define and characterize specific surface antigenic moieties, we produced monoclonal antibodies to a pathogenic strain of amoeba and characterized and purified the reactive antigen as a prelude to investigating the biologic function and evaluating its potential use as a vaccinogen.
Materials and Methods
Parasites. The H-302:NIH and H-303:NIH [20] strains of E. histolytica were obtained from the ATCC (Bethesda, Md; ATCC 30885 and ATCC 30887, respectively), and the HMI strain of E. histolytica [21] was provided by Dr. Francis Gillin (Department of Pathology, University of California, San Diego, Calif). The three strains of E. histolytica were originally isolated from liver abscesses (H-302:NIH and H-303:NIH) or from a rectal ulcer (HMl). Entamoeba invadens [22] was also obtained from the ATCC (ATCC 30020). Acanthamoeba castellonii was provided by Dave Bergeron (Veterans Administration Hospital, Seattle, Wash).
Amoebae were cultivated in Diamond's TYI-S-33 medium [23] supplemented with 15070-20070 heatinactivated (56 C for 30 min) bovine serum (AMF Corp., Seguin, Tex). The amoebae used for ELISA, immunofluorescence, or agglutination were prepared as follows: the medium was decanted from completely filled 75-cm 2 flasks (Costar, Cambridge, Mass) containing logarithmic-phase organisms, and the flasks were chilled on ice to facilitate detachment of the amoebae. The detached amoebae were washed three times in PBS (pH 7.0) by suspension and centrifugation at 250 g. For ELISAs, the final pellet was stored at -70 C until use. For immunofluorescence procedures using fixed amoebae, the organisms were resuspended in PBS (pH 7.6) and fixed with formalin as described for Trichomonas vaginalis [24] . For agglutination or immunofluorescence procedures using live organisms, the pellet was resuspended in an appropriate dilution of PBS (pH 7.0), and the assay was performed as previously described for T. vaginaiis [25] . Polyclonal rabbit antisera to E. histolytica was produced as described for T. vaginalis [25] by using E. histolytica trophozoites washed three times. The cultivation, harvesting, and processing of Giardia lamblia, T. vaginalis, and Tritrichomonas foetus have been previously described [24, 26] . All protozoa cultures were demonstrated to be free of bacterial and mycoplasma contamination by routine culture testing. Protein estimations were performed by the method of Bradford [27] or by using the BCA reagent (Pierce Chemical Company, Rockford, Ill) for samples containing detergent.
Monoclonal antibodies. Monoclonal antibodies were produced by using standard methods [28] . Mice 335 were immunized intraperitoneally with 8 x 105 live E. histolytica (strain H-303:NIH), boosted intravenously on day 11 with 8 x 105 live trophozoites, and killed three days later. The fusion and cloning procedures and the production of cell culture supernatants and ascitic fluid were performed as described previously [24] . The antibodies were screened by using an ELISA with the H-303:NIH strain as antigen. Isotyping of clone culture supernatants and ascitic fluids was performed with a commercial kit (Hyclone Laboratories, Logan, Utah). The monoclonal antibodies specific for T. vaginalis that we used as negative controls have been previously described [24, 25] . The IgG2b antibodies were purified by using standard staphylococcal protein A affinity chromatography.
Agglutination of live E. histolytica trophozoites. Agglutination reactions were carried out as described for T. vaginalis [25] . Briefly, 10
3 live E. histolytica in a volume of 195 IIIof PBS (pH 7.0) were added to the wells of an Immulon II®plate (Dynatech, Alexandria, Va), and 5 III of ascitic fluid containing monoclonal antibody was added. The mixture was gently agitated for 10sec to promote mixing, incubated at 37 C for 10 minutes with gentle agitation, and evaluated microscopically for agglutination. Wells in which all organisms had agglutinated into one sheet or clump were scored "+ + + +."
Those wells scored negative (-) had no discernible aggregation of amoebae and looked identical to the negative controls (wells containing no antibody or containing unrelated monoclonal antibody).
Immunofluorescence. We used two immunofluorescence procedures to determine staining patterns of monoclonal antibodies with live and formalinfixed amoebae. For the first procedure, 200 IIIof ascitic fluid containing monoclonal antibody was added to 10 3 formalin-fixed amoebae in 0.8 ml of PBS (pH 7.6). The suspension was incubated at 37 C for 4 hr, with gentle resuspension of the amoebae every hour. The suspensions were centrifuged at 200 g, the supernatant was removed and discarded, and the pellet was washed three times with 4 ml of PBS (pH 7.6) and resuspended in 100 III of PBS (pH 7.6); 100 III of a 1:20 dilution of FITC-conjugated rabbit antiserum to mouse immunoglobulins (Zymed, San Francisco, Calif) was added, and the mixture was incubated for 1 hr at 37 C with gentle agitation and then washed as described. The final pellet was resuspended in 20 IIIof PBS (pH 7.0), and aliquots were dried onto slides. Cover slips were mounted on the slides as previously described [24] . The second method utilized the same procedures as the first, but the amoebae were maintained in a viable state at 4 C throughout the entire procedure; the incubation time was 1.5 hr for the primary antibody and 30 min for the secondary antibody. The viability was assessed by using trypan blue and by evaluating the motility of the amoebae.
Iodination of amoebae. Briefly, 4.8 x 10 7 trophozoites were washed once in PBS (pH 7.2) and suspended in 1 ml of PBS (pH 7.2). We added two Iodogen" beads (Pierce Chemical Company) and 0.5 mCi of carrier-free 125 1 (Amersham, Arlington Heights, Ill) to this suspension. Iodination was allowed to proceed for 7 min. The trophozoites were pipetted from the reaction tube, loaded onto a 15070/30070/50070 discontinuous Percell" (Pharmacia, Piscataway, NJ) gradient according to the method of Calderon and Avila [15] , and centrifuged for 15 min at 250 g. Viable (as assessed by motility) trophozoites were harvested at the 30070/50070 interface, washed twice in PBS (pH 7.2), pelleted, and stored overnight at -70 C.
Radiolabeting with[35S]methionine.
We put 2 mCi of [35S]methionine (specific activity, 1,114 Ci/mmol; New England Nuclear, Boston) into each of two medium-filled 75-cm 2 flasks (CoStar, Cambridge, Mass) with logarithmic-phase amoebae. The flasks were incubated at 35 C for 48 hr. The amoebae were harvested as described earlier, washed four times in cold PBS (pH 7.0), pelleted into microfuge tubes, and used immediately for radioimmunoprecipitations or stored at -70 C.
ELISA. The ELISA was performed as described previously [24, 29] . Briefly, 50 J.11 of a I mg/ml or a 150 ug/ml sonicated suspension of whole E. histolytica trophozoite antigen (or other antigen) was pipetted into each well of a 96-well Immulon'" II plate (Dynatech). The antigen was allowed to adsorb overnight at 4 C, the plates were emptied, and 125 J.11 of a solution of 5070 bovine serum albumin (Fraction V; Sigma, St. Louis) was added to each well. The plates were emptied after a 3-hr incubation at 37 C, and each well was then incubated with 50 J.11 of culture supernatants or serial dilutions (1:1,000-1 :1,024,000) of the monoclonal antibodybearing ascitic fluids in PBS (pH 7.6) with 0.05% Tween 20. Bound monoclonal antibody was detected by horseradish peroxidase-labeled antibody to mouse IgM or peroxidase-labeled Protein A (Zymed), as Torian, Lukehart, and Stamm previously described [24, 25] for T. vaginalis and G. lamblia. We used the titration curves from these experiments to choose an optimal dilution of antibody for testing a large number of different parasites in a single-point dilution assay. We selected a diluiion of antibody yielding an OD 492 >1.0 but <2.0. For these assays, we used sonicated antigen (150 J.1g of protein/ml). To insure that monoclonal antibodies did not react with medium components or bovine serum albumin, we coated the wells with 5070 (wt/vol) bovine serum albumin (Fraction V; Sigma), processed bovine serum (5070 [vol/vol]), or a 5070 (wtivol) solution of Biosate'" (BBL, Cockeysville, Md) and tested the wells with undiluted culture supernatants or diluted ascitic fluids as described above.
Radioimmunoprecipitation. Radioimmunoprecipitations were performed as follows: 35S-labeled whole trophozoite antigen or 1251-labeled trophozoites were solubilized by continuous, vigorous vortexing for 2 min at 4 C in solubilization buffer (PBS [pH 8.0] containing 1070 NP-40, 1 mMphenylmethylsulfonyl fluoride, and 1070 Aprotinin [Sigma]). The solubilized material was centrifuged at 40,000 g for 30-40 min at 4 C. The supernatant, which contained >95070 of the total radiolabel, was added to siliconized 13 x loo-mm screw cap tubes (l ml/tube: rvl mg of protein/ml for the methionine-labeled organisms and rv1.2 x 10 7 amoebae/ml for the iodinated organisms). Two different procedures were used for immunoprecipitation, depending on whether IgM or IgG2b antibody was used.
Fifty microliters of IgM monoclonal antibody was added to the tube containing antigen, and the mixture was incubated on ice for 6 hr. One hundred microliters of rabbit antiserum to mouse J.1 chain (Zymed) was then added. The mixture was incubated on ice for 12hr and then mixed with 500 J.11 of a 30070 (vol/vol) suspension of solubilization buffer containing protein A-linked Sepharose" CL-4B (Pharmacia). This mixture was incubated on ice for 3 hr and resuspended every 15min by vortexing. The suspension was washed three times in PBS (pH 7.6) with 1070 NP-40 and once in PBS (pH 7.0) without detergent and pelleted, and then the supernatant was removed by aspiration. Two hundred microliters of 2
x SDS-PAGE sample buffer was added, and the samples were boiled for 4 min and then centrifuged; the supernatants were loaded onto SDS-PAGE gels and analyzed by electrophoresis, fluorography, and autoradiography as previously described [30] . The prestained molecular standards, which were not altered and ran true, were included in each gel; the standards consisted of myosin (H chain), 200,000 daltons (Da); phosphorylase B, 95,500 Da; glutamate dehydrogenase, 55,000 Da; ovalbumin, 43,000 Da; lactate dehydrogenase, 36,000 Da; carbonic anhydrase, 29,000 Da; and lactoglobulin, 18,500 Da (all obtained from Diversified Biotech, Newton Centre, Mass). For immunoprecipitation with Ig02b antibodies, which avidly bind protein A, we did not add the second antibody; the rest of the procedure was as described above.
Antigen. Characteristics. To determine the preliminary characteristics of epitopes reactive with monoclonal antibodies, we subjected sonicated trophozoite antigen adsorbed onto wells of microtiter plates to digestion with proteinase K or oxidation with periodate [24] before the antibodies were added. Antigen incubated in oxidation buffer without periodate served as a control for the periodate oxidation experiments, and antigen incubated in PBS (pH 7.6) served as a control for the proteolytic digestion experiments.
Purification. The antigen recognized by monoclonal antibodies was purified by using a two-step procedure. Initially, to remove the antigen from close proximity to other amoebal polypeptides, we performed immunoprecipitations with unlabeled whole trophozoite antigen and IgO or IgM molecules as described earlier, but we used six reaction tubes for each specific antibody. The immunoprecipitates were subjected to SDS-PAOE as previously described, and 337 a 3-mm-wide gel slice containing the 96,000-Da antigen was excised from the entire width of the gel, with the exception of the lane containing the molecular weight reference markers. The gel slice was cut into "-'3 x 10-mm sections, and the sections were placed into an ISeQ electroelution cup and concentrated into a 200 J.11 volume by running at 3 W for 4 hr in an ISeQ model 1750 electrophoretic concentrator (both from ISCQ Inc., Lincoln, Neb). The concentrated antigen (in SDS-PAOE running buffer) was harvested and stored at -70 C for analysis. Western blotting was performed essentially as previously described [25] , and purified antigen was visualized by either immunostaining with rabbit antisera to E. histolytica followed by horseradish peroxidaseconjugated goat antisera to rabbit sera or amido black protein stain.
Results
Antibody isolation. We characterized seven of 20 stable, independently derived, antibody-secreting hybrid cell lines. Antibodies from the hybrid cell lines were of the IgM class, except for antibody EH335, which was isotype Ig02b (table 1) .
Immunofluorescence. To examine the structural and surface specificity of these monoclonal antibodies, we tested live and formalin-fixed trophozoites in two fluorescence procedures. In the suspension immunofluorescence assays, all seven antibodies reacted similarly, and the fluorescence was evenly distributed across the body of the entire E. histolytica unrelated IgM monoclonal antibody (specific for T. vaginalis) incubated with amoebal antigen, rabbit antibody to mouse IgM, and protein A-Sepharose CL-4B. All controls were consistently negative.
Specificity of monoclonal antibodies. After titration ( figure 5) , the monoclonal antibodies were tested in a single-point dilution assay to determine their reactivity against E. histolytica and other protozoan parasites (Table 2 ). All seven antibodies recognized three pathogenic strains of E. histolytica but failed to react with other protozoa tested (table 2) or with media components used to culture the protozoa (data not shown). The controls included wells to which only horseradish peroxidase-conjugated rabbit antibody to mouse IgM or IgG was added (conjugate control), or wells to which a monoclonal antibody reactive with T. vaginalis and T.foetus plus totally abrogated (table 3) , a result suggesting that these antibodies bind carbohydrate determinants.
The remaining antigen-antibody interaction was partially abrogated. Results were similar in experiments using 0.05 M periodate or 0.01 M periodate. In contrast, digestion with proteinase K abrogated binding of four antibodies but failed to diminish the reactivity of three others (EH403, EH106, EH282). Purification. Immunoprecipitation effectively isolated the 96,000-Da surface polypeptide of E. histolytica from other polypeptides ( figure 6, A) . Purified antigen subjected to western blotting was visualized as a single band by immunostaining, and antigen purified by using either IgG2b on IgM figure 6, B) . Amido black staining of purified antigen identified a single polypeptide band and corroborated the purity of the antigen preparation (figure 6, C) . Each immunoprecipitation preparation consisting of six tubes of antigen regularly yielded 90-125 ug of pure 96,OOO-Da antigen.
Discussion
Using monoclonal antibodies as specific probes, we have identified, characterized, and purified a surface antigen of E. histolytica. Five monoclonal antibodies to E. histolytica immunoprecipitaed an intrinsically labeled, 96,000-Da polypeptide. The antigen was located on the external surface of the parasite's membrane, as demonstrated by agglutination and immunofluorescence staining of live parasites with antibody EH403 and radioimmunoprecipitation of the iodinated antigen with antibodies EH403 and EH335. The antigen was present on all three strains of pathogenic amoebae tested and had the same apparent molecular mass. Four antibodies immunoprecipitaed the 96,OOO-Da antigen but failed to react with live amoebae in either agglutination or immunofluorescence assays, a result suggesting that determinants recognized by those monoclonal antibodies are either present on the parasite surface but inaccessible to antibody, or located on a portion of the antigen situated internal to the plasma membrane.
Binding of four of five antibodies specific for the 96,000-Da antigen was totally abrogated by oxidation of the antigen with periodate, a result suggesting that the antigen consists of glycoprotein and that the antibodies sensitive to periodate oxidation of an- ELISA reactivity profiles for antibodies specific for the 96,()()()-Da polypeptide showed stringent specificity for E. histolytica and failed to react with E. invadens, A. castellonii, T. vaginalis, T. foetus, and G. lamblia. The stringent specificity of these antibodies for E. histolytica suggests that these antibodies may have potential utility in a diagnostic assay. tigen react with carbohydrate determinants. Oxidation of carbohydrates with periodic acid has been extensively used to characterize glycoproteins; however, interpretation of periodate sensitivity must include the possibility (although remote) that periodatemediated oxidation of disulfide bonds [31] to sulfonic acid residues alters the antigenicity of the target epitopes. In addition, periodate affects the affinity of substrate for enzyme binding sites [32] by chemical modification of the active sites. Further, treatment with periodic acid inactivates ovotransferrin and human serum transferrin by chemically altering the iron-binding domains rich in tyrosine [33] . The fact that three monoclonal antibodies (EH282, EHI06, EH403) are sensitive to periodate but not to proteinase K, whereas four of the five antibodies specific for the 96,OOO-Da antigen are sensitive to both periodate and proteinase K strongly suggests that periodate is acting specifically on carbohydrate moieties. Antibody-antigen interactions that are sensitive to both periodate and proteinase K are not necessarily inconsistent. The binding of antigens to polystyrene ELISA plates is dependent on hydrophobic protein regions. These regions are likely to be affected by the activity of a nonspecific proteinase, and the carbohydrate portions of the antigen may be released and washed off the ELISA plates.
In addition to the five antibodies reactive with the 96,OOO-Da antigen, two monoclonal antibodies specific for E. histolytica did not immunoprecipitate any discrete radiolabeled polypeptide(s). This may have resulted from the experimental conditions we used; alternatively, the antibodies may react with glycolipid or carbohydrate antigens that are not labeled with amino acids. However, they must be further tested for cross-reactivity against other common amoebae inhabiting the human gastrointestinal tract, as well against nonpathogenic strains of E. histolytica. Unger et al. [34] used monoclonal antibodies specific for E. histolytica in an ELISA to detect E. histolytica antigen in stool, with promising initial results. Recently, Ravdin et al. [35] produced monoclonal antibodies to E. histolytica that inhibited trophozoite attachment to Chinese hamster ovary cells in vitro. The identities of specific molecules binding these antibodies were not reported, although the antibodies likely bind the N-acetylgalactosamine-inhibitable lectin [5] which is responsible (at least in part) for attachment of the amoebae to target cells.
In previous reports detailing analysis and identification of surface constituents of E. histolytica, the antigens were not identified or purified by using monoclonal immunologic probes. Aley et al. [14] used purified plasma membrane preparations of E. histolytica trophozoites to identify 18 plasma membrane components ranging in mass from 12,000 to 200,000 Da, including one in the 96,OOO-Da range. Calderon et al. [15] identified three major surface antigens that could be iodinated and that were shed in caps induced by polyclonal antibodies. One polypeptide was reported to have a mass of 90,000 Da and may be identical to the 96,OOO-Da antigen reported here. Similarly, Joyce and Ravdin [36] reported that polyclonal sera from cured patients who had had liver abscesses recognized four surface antigens of whole trophozoites in western blots. One of these antigens had a reported mass of 90,000 Da. Five of the seven monoclonal antibodies we characterized recognized a 96,OOO-Da surface antigen of E. histolytica. This antigen may possibly be identical to the 90,000-Da surface antigen recognized by cured patients who had had liver abscesses [36] , the 90,000-Da surface antigen identified by Calderon et al. [15] , and one plasma membrane component identified by Aley et al. [14] . We have recently shown that sera from some patients who had recovered from liver abscesses reacts with the purified 96,000-Da antigen (unpublished observation).
Protective immunity to many pathogenic protozoans is logically directed against surface constituents, and the surface location of the 96,000-Da antigen makes it a likely target for immunologic attack. The identification, characterization, and purification of surface antigens of E. histo/ytica with monoclonal antibodies in this report and the recent report Torian, Lukehart, and Stamm of Ravdin et al. [35] will facilitate further assessment of their roles in virulence, attachment to host cells, immunologic modulation, differentiation between virulent and avirulent strains of E. histolytica, and potential use as vaccinogens.
